Pronounced enhancement of the lower critical field and critical current deep in the 

superconducting state of PrOs 4 Sb 12 
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We have observed an unexpected enhancement of the lower critical field H c i(T) and the critical 
current I C (T) deep in the superconducting state below T » 0.6 K (T/T c rs 0.3) in the filled skut- 
terudite heavy fermion superconductor PrOs4Sbi2. From a comparison of the behavior of H c i(T) 
with that of the heavy fermion superconductors Ui-^Th^Beia and UPt3, we speculate that the 
enhancement of H c i(T) and I C {T) in PrOs4Sbi2 reflects a transition into another superconducting 
phase that occurs below T/T c » 0.3. An examination of the literature reveals unexplained anomalies 
in other physical properties of PrOs4Sbi2 near T/T c rs 0.3 that correlate with the features we have 
observed in H c i(T) and I C {T). 

PACS numbers: 71.27.+a, 74.25.Ha, 74.25.Op, 74.25.Sv 



The filled skutterudite compound PrOs 4 Sb 12 has at- 
tracted an enormous amount of interest since it was 
discovered several years ago 0, 0- This compound is 
the first heavy fermion superconductor based on Pr (all 
of the others are based on Ce and U), the supercon- 
ductivity appears to be unconventional, and the pair- 
ing of superconducting electrons may be mediated by 
electric quadrupole fluctuations, rather than magnetic 
dipole fluctuations that are believed to be responsible 
for pairing in the other heavy fermion superconductors. 
A number of experiments have provided evidence for un- 
conventional superconductivity in PrOsuSbiT. Structure 
in the jumps of both the specific heat UJ- LJ- LH and ther- 
mal expansion 5, 6] associated with the superconducting 
transition suggests that there may be two distinct super- 
conducting phases with superconducting critical temper- 
atures Tci ~ 1.85 K and T c2 ~ 1.74 K in zero field. 
Superconducting penetration depth measurements, ex- 
tracted from muon spin relaxation (/iSR) experiments in 
a magnetic field of 200 Oe Q, and nuclear quadrupole 
resonance (NQR) measurements [U indicate that the su- 
perconductivity of PrOs4Sbi2 is in the strong coupling 
regime and has an isotropic energy gap. In contrast, mea- 
surements of the angular (</>) dependence of the thermal 
conductivity k(</>, H) in a magnetic field H |IJ have been 
interpreted as evidence for two distinct superconducting 
phases, a low field phase with two point nodes and a high 
field phase with four or six point nodes. The supercon- 
ducting penetration depth A, measured in very low field 
by means of a microwave technique [lfl ]. is consistent 
with point nodes in the energy gap. Muon spin relax- 
ation measurements in zero field reveal that spontaneous 
magnetic moments develop below T c , indicative of time 
reversal symmetry breaking |llj |. A high field ordered 
phase (HFOP), between 4.5 T and 16 T and below 1 K, 



has been inferred from electrical resistivity 0, E3- 
specific heat E| 0] , thermal expansion 0, [f| , magnetiza- 
tion 0,0,0], and magnetostriction || measurements. 
From neutron diffraction measurements at high magnetic 
fields, the HFOP was identified with antiferroquadrupo- 
lar order [l(j- This suggests that the unconventional su- 
perconductivity in PrOs4Sbi2 may occur in the vicinity 
of a quadrupolar quantum critical point (QCP), similar 
to the situation with certain Ce and U compounds where 
superconductivity is found in the vicinity of an antifer- 
romagnetic (AFM) QCP In this Letter, we report 

measurements of the lower critical field H C ±(T), critical 
current I C (T), ac magnetic susceptibility x&c(T), and spe- 
cific heat C (T) in order to obtain more information about 
the unconventional superconductivity exhibited by this 
intriguing material. Our measurements indicate that a 
transition to another superconducting phase, character- 
ized by enhanced H c i(T) and I C (T), occurs deep within 
the superconducting state at T rj 0.6 K (T/T c rs 0.3) in 
zero field. 

The PrOs4Sbi2 single crystals studied in this inves- 
tigation were grown from an Sb flux in a manner de- 
scribed elsewhere [lsj . Powder x-ray diffraction studies 
of crystals grown in this run revealed that the samples 
are single phase. The residual resistivity (at a tempera- 
ture right above T c ) of crystals grown in this manner is 
typically less than 5 /iSlcm. Specific heat measurements 
were made in a semi-adiabatic 3 He calorimeter by means 
of a standard heat pulse technique. The lower critical 
field H c i was determined from isothermal magnetization 
curves taken with a custom made SQUID magnetome- 
ter. In this arrangement, the detection loop is located 
in the mixing chamber of a dilution refrigerator, and the 
sample is stationary and in direct contact with the liquid 
3 He- He mixture. The ac magnetic susceptibility was 
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FIG. 1: Specific heat C divided by temperature T (closed 
circles, left scale) and ac magnetic susceptibility Xac (open 
squares, right scale) vs T for the single crystal of PrOs4Sbi2 
studied in this work. The value Xac = — 1 has been taken 
based on the values of Xac for T — > 0. 

measured in the same arrangement using a mutual in- 
ductance bridge with the SQUID as a null detector |Tgj . 

Measurements of C(T) and x&c{T) were performed on 
the same PrOs4St>i2 single crystal in the vicinity of the 
superconducting transition. The C(T) data are shown 
in Fig. ^ and reveal the "double jump" structure, remi- 
niscent of two distinct superconducting transitions at the 
critical temperatures T c i = 1.86 K (onset) andT c2 = 1.72 
K. It is interesting to note that the jump ACi at T cl is 
rather broad, while the jump AC2 at T c2 is very sharp. 
Also shown in Fig. Q] are Xac(T) data, taken with a field 
amplitude H ac = 1.2 mOe and a frequency / = 160 Hz. 
From the in-phase component of the susceptibility, 90% 
of the transition occurs at T c \ with the last 10% "foot" 
extending to T C 2- At T C 2, the magnitude of x ac reaches 
its maximum value observed in the limit T-»0K. 

The "double jump" feature in C(T), originally re- 
ported in references la 1 3, la , has been confirmed by sev- 
eral other groups [3. l20l l2l| and seems to be an intrin- 
sic property of PrOs4Sbi2. Measurements in a magnetic 
field indicate that T c \ and T c i track each other and lie on 
curves with similar sha pes displaced from one another in 
the H — T plane 0, 0, |2l| . Since the large diamagnetic 
change in % ac occurs at T c \ due to induced supercurrents, 
it is clear that the transition at T c \ is associated with su- 
perconductivity. The sharp jump in C(T) at T c2 suggests 
that the transition at T C 2 is also due to superconductivity. 

The lower critical field H c i(T) was determined from 
magnetization (shielding) isotherms; typical examples at 
different temperatures are shown in Fig. [3 Each magne- 
tization curve was taken after zero-field cooling the sam- 



ple to the desired temperature. The lower critical field 
H c \ was defined as the first deviation from the shielding 
slope in the M(H) curve, as illustrated in the inset of Fig. 
El The resultant H c i(T) data are plotted in Fig. Eta) vs 
T (inset) and T 2 . We observe a pronounced enhancement 
of H c i below T ks 0.6 K. Similar enhancements of H c x(T) 
have been observed by various groups in Ui-^Th^Beia 
[22^ for Th concentrations x between 2% and 4% and 
in UPt3 [13] below their second (lower) superconducting 
transition temperatures T c i- We have fitted the H c \ vs 
T 2 data in Fig. Ola) with two straight lines. Extrapola- 
tion of these lines to T = K yields a value of H c i(0) 
of 31 Oe for the high temperature (T > 0.6 K) super- 
conducting phase and 45 Oe for the low temperature 
(T < 0.6 K) superconducting phase. Since our crys- 
tal was in the shape of a rectangular parallelopiped of 
5 x 0.2 x 0.3 mm 3 and the magnetic field was aligned 
parallel to the largest dimension, we have not introduced 
demagnetization corrections to the given values of H&. 
The sharp kink and enhancement of H c i(T) reported in 
this Letter are consistent with the positive curvature in 
H c i(T) deduced from previous magnetization measure- 
ments on PrOs4Sbi2 |l3j . although these measurements 
did not have enough resolution to reveal the sharp kink 
in H cl (T) at T w 0.6 K. 

In Fig, ffib). we show values of the remanent magne- 
tization M rcm obtained by cycling the zero-field-cooled 
crystal up to the field corresponding to the critical state 
(full penetration of vortices in the sample), removing the 
magnetic field, and recording the number of expelled vor- 
tices with a digital flux counter as the crystal is heated 
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FIG. 2: Isothermal magnetization M(H) curves taken after 
zero-field cooling at different temperatures for the same single 
crystal of PrOs4Sbi2 upon which the C(T) and Xac(T) data 
shown in Fig. were taken. The inset shows the deviation in 
the M(H) curve at H&. 
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to T ^> T c . In this case, M Tem is proportional to the 
critical current I c . Coincident with the enhancement of 
H c i at T = 0.6 K, we observe a dramatic increase in 
I c below the same temperature, indicating that the su- 
perconducting phase below T w 0.6 K has substantially 
stronger pinning. By comparison with UPt3 and thori- 
ated UBei3, one is tempted to identify the temperature 
T = 0.6 K below which H cl (T) and 7 C (T) are enhanced 
with a third superconducting transition at a critical tem- 
perature T C 3 w 0.6 K. 

One might ask whether inclusions of free Os in the sin- 
gle crystal could be responsible for the enhancement of 
H cl (T) and I C (T) below T c3 « 0.6 K, since the T c of 
pure Os of 0.66 K |24j is close to the value of T c3 . How- 
ever, it seems very unlikely that these features in H C \{T) 
and I C (T) are due to free Os since x-ray diffraction and 
electron microprobe studies do not give any indication of 
the presence of free Os in the PrOs4Sb 12 single crystal 
within the limits of detectability. Furthermore, although 
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FIG. 3: (a) Lower critical field H cl vs T 2 for the PrOs 4 Sbi 2 
single crystal. The inset shows the same data plotted as 
H c i vs T. (b) Remanent magnetization M rcm vs T for the 
PrOs4Sbi2 single crystal. M rem (T) is proportional to the crit- 
ical current I C (T). 



H C \(T) of pure Os is ~ 1.4 times larger than that of 
PrOs4Sbi2 below T c3 it would not be detected in 
measurements of M(H) shielding isotherms. In this case, 
the first deviation of M(H) from linear Meissner behav- 
ior, corresponding to the first vortex penetration, would 
occur at the lowest H c \, namely that of PrOs4Sbi2- Also, 
inclusions of free Os would not be expected to increase 
the pinning of vortices, and, in turn, I C (T), when they 
become superconducting. 

The second critical temperature T c2 inferred from the 
structure in C(T) (see Fig. does not seem to be as- 
sociated with the critical temperature T* separating two 
superconducting phases, a low field phase with two point 
nodes in the energy gap and a high field phase with four 
or six point nodes in the energy gap, inferred from the 
K,(<p,H) measurements in a magnetic field 0. The tran- 
sition between these two superconducting phases with 
different order parameter symmetries has not been ob- 
served in any other physical properties to date. 

Zero field muon spin relaxation measurements reveal 
the spontaneous appearance of magnetic moments below 
T c i, indicative of breaking of time reversal symmetry in 
the superconducting state. This suggests that the super- 
conducting phases below T c \ and T c2 are "nonunitary" 
spin triplet (odd parity) superconducting states, which 
have nonvanishing spin moments |ll| . One possibility 
is that the two superconducting phases have different 
order parameter symmetries, as occurs in UPt3. This 
material has two superconducting jumps in the specific 
heat in zero field separated by w 0.05 K. On the other 
hand, recent microwave surface impedance measurements 
on PrOs4Sbi2 down to 1.2 K have been interpreted in 
terms of Josephson-coupled two-band superconductivity, 
implying two order parameters of the same symmetry 
[25j. It is clear that the superconducting phases associ- 
ated with T c \ and T c2 are not well understood and that 
further research is needed to elucidate their nature. 

Other physical properties of PrOs4Sbi2 have been re- 
ported that exhibit anomalous behavior in the supercon- 
ducting state in the vicinity of 0.6 K (T/T c ss 0.3), where 
a transition to a third superconducting phase appears to 
occur. Sb nuclear quadrupole resonance measurements 
H reveal that the inverse nuclear spin lattice relaxation 
time 1/Ti does not exhibit a coherence peak near T c , 
decreases exponentially with decreasing temperature by 
over three orders of magnitude, and then abruptly levels 
off below T sa 0.6 K. The absence of a coherence peak 
near T c is also found in other Ce and U heavy fermion 
superconductors. However, the exponential decrease in 
1/Ti with decreasing T is in marked contrast to the T 3 
variation of 1 /T\ at low temperatures generally observed 
in Ce and U heavy fermion superconductors, as expected 
for line nodes in the energy gap. This experiment also 
yields a large value of the energy gap 2A/fcsT c w 5.2 
indicative of strong coupling, consistent with the large 
value AC /"/T c w 3 determined from specific heat mea- 



4 



surements |3|- The exponential dependence of 1/Ti im- 
plies that the superconducting energy gap is isotropic; in- 
terestingly, /iSR measurements of the penetration depth 
A in a magnetic field of 200 Oe also yield evidence for an 
isotropic energygap pfl. In contrast, the n{<j),H) data 
of Izawa et al. 9] and the A(T) data of Chia et al. 
indicate that there are point nodes in the energy gap. 
However, the abrupt levelling off of 1/Xi at T w 0.6 K 
following its exponential decrease suggest a transition to 
a superconducting phase below 0.6 K with states in the 
energy gap. 

The measurements of A(T) on a single crystal of 
PrOs4Sbi2 by Chia et al. [lfj also exhibit a feature in 
the vicinity of T = 0.6 K. In this study, a small upturn 
in AA was observed at T = 0.62 K in the three direc- 
tions a, b, and c, at which the ac held was applied. The 
measured drop inAAatT = 0.62K from the high tem- 
perature values, although rather small, clearly points to 
an increase in the superfluid density for T < 0.6 K. The 
A(T) data were then fitted by the authors from 0.1 K to 
0.55 K with power laws of the form AA(T) = A + BT n 
with n « 2, suggesting the presence of low lying exci- 
tations in this temperature range, incompatible with an 
isotropic superconducting gap. 

A direct measurement of the superconducting energy 
gap of PrOs4Sbi2 was made using a high resolution scan- 
ning tunneling microscope (STM) by Suderow et al. [26| . 
Measurements on parts of the sample yielded a super- 
conducting density of states with a well-defined energy 
gap and no low energy excitations. A plot of the en- 
ergy gap A vs T has an overall shape that is consistent 
with the BCS theory, but with a small feature near 0.6 
K that could be associated with the anomalies we have 
observed at the same temperature in H C \(T) and I C {T). 
Furthermore, measurements on other parts of the sam- 
ple revealed spectra with a finite density of states at the 
Fermi level in the superconducting gap. It is possible 
that the superconducting phase that appears to form be- 
low T/T c k 0.3 is an inhomogeneous phase consisting of 
regions with a full gap and regions with states in the gap. 

In summary, we have observed an unexpected en- 
hancement of H cl {T) and I C (T) below T/T c « 0.3 in 
the new filled skutterudite heavy fermion superconduc- 
tor PrOs4Sbi2. From a comparison of the behavior of 
H c i(T) with that of the heavy fermion superconductors 
Ui-^Th^Beis and UPt3, we speculate that the enhance- 
ments of H c i(T) and I C (T) in PrOs4Sbi2 reflect a tran- 
sition into another superconducting phase at T C 3 w 0.6 
K. An examination of the literature revealed unexplained 
anomalies in other physical properties around T « 0.6 K. 
These anomalies should be investigated further in light 
of the new observations reported in this Letter. Sur- 
prisingly, there is no evidence of a jump in the specific 



the A and B phases of superfluid 3 He, or of a higher or- 
der than second. A small feature in C(T) could also be 
obscured by the nuclear Schottky contribution which in- 
creases rapidly with decreasing temperature at low tem- 
peratures below ~ 0.6 K. Finally, the discrepancy be- 
tween different experiments on single crystals at H = 0, 
concerning the nature of the superconducting gap, can 
be reconciled if the temperature interval covered in the 
analysis is taken into account. Indeed, the NQR anayl- 
sis 8\, consistent with an isotropic gap was performed 
for T > 0.6 K, while the penetration depth analysis [Io| . 
consistent with nodes in the gap, was done for T < 0.55 
K. In view of the enhancement of H c \ and I c below T C 3 
reported here, it seems plausible that the nature of the 
gap function changes at T c3 . 
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,HI3, even in recent more de- 
One reason could be that the 
transition at T c3 is of first order, like the one between 



heat around T m 0.6 K 
tailed measurements |27 
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